Introduction
Self-renewing cells with the ability to give rise to the differentiated cell types of the inner ear, including hair cells, supporting cells, and neurons (Oshima et al., 2007; Martinez-Monedero et al., 2008) , have been isolated from the inner ear by neurosphere formation (Li et al., 2003a; Oshima et al., 2007) . Mechanisms for determining the fate of these cell types from early progenitors are essential for establishing a functional sensory epithelium in the vestibular and auditory organs. The progenitors were shown to be present in the vestibular organs throughout life and in the cochlea for the first few postnatal weeks (Oshima et al., 2007) .
The development of the inner ear from the otic placode is a highly regulated process in which a patch of ectoderm is specified to become a specialized region that invaginates to form the otocyst and, through a complex set of steps, gives rise to the auditory and vestibular organs of the inner ear (Fekete and Wu, 2002; Barald and Kelley, 2004; Ohyama et al., 2006) . Progenitor cells in the otocyst differentiate into the sensory cells and neurons that will provide innervation for the sensory organs (Rubel and Fritzsch, 2002) . Notch signaling plays a key role in designating the prosensory regions in the otocyst (Lanford et al., 1999; Daudet and Lewis, 2005) and in the differentiation of neuronal and epithelial precursors to neurons (Adam et al., 1998; Lewis et al., 1998) , hair cells, and supporting cells (Lanford et al., 1999; Zine et al., 2001; Daudet and Lewis, 2005; Brooker et al., 2006) . Notch helps to determine cell fate by regulating downstream factors including bHLH transcription factors (Lo et al., 2002) . Notch signaling is important for the differentiation of specific progeny from stem cells (Grandbarbe et al., 2003; Akagi et al., 2004; Jadhav et al., 2006; Yaron et al., 2006; Wheeler et al., 2008) . Inner ear stem cells followed a cell-intrinsic program during differentiation of inner ear cell types (Martinez-Monedero et al., 2008) , similar to neural stem cells from the CNS that recapitulated timed differentiation of cortical cells (Shen et al., 2006) . Perturbing the Notch signal should alter the ratio of cell types differentiating from inner ear stem cells if it is part of an inherent differentiation program. Notch signaling regulates expression of the neural stem cell marker, Sox2 (Dabdoub et al., 2008) , which we have found to be expressed in the inner ear stem cells (Martinez-Monedero et al., 2008) and is a marker for both neural and sensory progenitors in the developing inner ear (Dabdoub et al., 2008; Puligilla et al., 2010) .
We asked whether inner ear stem cells were influenced by Notch signaling either in their maintenance and proliferation or in the steps leading to their differentiation to a variety of inner ear cell types. We show that inner ear stem cells can be induced to differentiate into hair cells by blockade of Notch signaling by a pathway that is dependent on expression of bHLH transcription factor, Math1 (mouse Atoh1). Once the stem cells have entered a sensory path, Notch retains the progenitors as supporting cells, preventing their differentiation to hair cells. A neuronal fate appears to be selected for cells that show continued expression of Notch. Thus, in addition to increasing proliferation, Notch signaling is responsible for key fate decisions by these cells.
Materials and Methods
Isolation of inner ear spheres. The utricles of 1-to 3-d-postnatal C57BL/6 or Math1-nGFP mice of both sexes (Lumpkin et al., 2003) were dissected and collected. After careful removal of the nerve trunk and mesenchymal tissues, the utricles were trypsinized and dissociated. Dissociated cells were centrifuged, and the pellet was resuspended and filtered through a 70 m cell strainer (BD Biosciences DiscoveryLabware) in DMEM/F12 medium with N2/B27 supplement, EGF (20 ng/ml), IGF1 (50 ng/ml), bFGF (10 ng/ml), and heparan sulfate (50 ng/ ml) (Sigma). The single cells were cultured in nonadherent Petri dishes (Greiner Bio-One) to initiate clonal growth of spheres (Li et al., 2003a; Martinez-Monedero et al., 2008) .
Spheres that formed after 2-3 d in culture were passaged every 4 -6 d. The spheres were centrifuged, and the pellet was mechanically dissociated with pipette tips and resuspended in medium. Passage 3-4 spheres were used for experiments described here. These cells are negative for hair cell markers (Oshima et al., 2007) before the initiation of differentiation.
For differentiation, floating spheres were transferred to fibronectincoated 4 well plates (Greiner Bio-One) as described before (Oshima et al., 2007) . Attached spheres were differentiated for 5-7 d in DMEM/F12 medium with N2/B27 supplement but without growth factors. Identification of differentiating cells from the inner ear stem cells has been done previously based on expression of markers for neurons: ␤-III tubulin, GluR2, TrkC (Martinez-Monedero et al., 2008) ; hair cells: myosin VIIa, parvalbumin 3, espin, F-actin (Li et al., 2003b; Oshima et al., 2007; Martinez-Monedero et al., 2008) ; and supporting cells: Musashi and p27Kip1 (Oshima et al., 2007; Martinez-Monedero et al., 2008) . A ␥-secretase inhibitor (L-685458, Sigma) was added at 1 g/ml on the day following cell attachment. In experiments to assess proliferation, 10 M BrdU was added to the medium 2 d after the initiation of differentiation. The next day, the BrdU-containing medium was replaced with new medium and cells were cultured for 3 d.
Flow cytometry after transfection. Floating spheres were transferred to fibronectin-coated 4 well culture dishes for attachment, and the next day, attached spheres were transfected with Notch intracellular domain (NICD)-GFP (a generous gift from Oksana Berezovska, Massachusetts General Hospital, Boston, MA) containing the NICD coding sequence linked to GFP under an EF1␣-promotor in the pTracer-EF vector (Invitrogen) or with a control vector containing GFP using Lipofectamine 2000 (Sigma) in Opti-MEM medium (Invitrogen). The cells were exposed for 6 h to 2 g/ml NICD-GFP. The transfected stem cells were further differentiated for 5-6 d in DMEM/F12 medium with N2/B27 supplement without growth factors.
For FACS analysis, spheres were detached by trypsinization 2 d after transfection with NICD-GFP and triturated. This procedure completely dissociated the cells (as confirmed by microscopic examination). NICD-GFP ϩ cells were sorted on a FACSAria cell sorter (BD Biosciences). From 60,000 cells we obtained 1498 NICD-GFP ϩ cells. The reference window was set so that fluorescence from the NICD-GFP Ϫ cells was Ͻ2%. RNAi silencing. The utricle-derived stem cells were transfected with siRNA (Dharmacon) as for the other transfections, but using Gene Silencer (Genlantis) according to the manufacturer's instructions. After transfection, the cells were washed twice and then cultured in DMEM/ F12 (1:1) with N2/B27 for 4 -5 d. The final working concentration of RNAi was 200 nM for 6 h. The transfected cells were easily identified by cotransfected fluorescent siRNA. Transfection efficiency was 82%. The same concentration of nontargeting RNAi (Dharmacon, ON-TARGETplus nontargeting siRNA, size-matched and selected for lack of an effect on gene expression) was used in parallel as a control, and gene silencing was assessed by quantitative (q) reverse transcriptase (RT)-PCR.
qRT-PCR. Total RNA was extracted from siRNA-treated cells and cells sorted by flow cytometry with the RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. Equal numbers of NICD-GFP Ϫ cells were used as a control for the GFP ϩ cells obtained by cell sorting, and siRNA controls were cells treated with nontargeting siRNA in parallel with the siRNA for the target. For reverse transcription, SuperScript II (Invitrogen) was used with random hexamers. The reverse transcription conditions were 25°C for 10 min followed by 37°C for 60 min. The reaction was terminated at 95°C for 5 min. The cDNAs were mixed with Taqman Gene Expression Mastermix (Applied Biosystems) and Math1, Ngn1, and NeuroD primers according to the manufacturer's instructions. Samples were analyzed in 96 wells in triplicate by qPCR (Applied Biosystems 7900HT), and PCR thermal cycling conditions were as follows: initial denaturation at 95°C for 2 min, denaturation at 95°C for 15 s, annealing/extension at 60°C for 1 min for 45 cycles. Conditions were kept constant for each primer. Gene expression was calculated relative to 18S RNA, and the amount of cDNA applied was adjusted so that the C t value for 18S RNA was between 10 and 13. Luciferase reporter assays. Luciferase reporter assays were performed with HEK293T cells, Neuro2a cells, and HEI-OC1 cells (a kind gift from Federico Kalinec, House Ear Institute, Los Angeles, CA). Cells were transfected using FuGENE6 (Roche) following the manufacturer's protocol. Twenty-four hours after transfection, cell lysates were collected and luciferase assays were performed using Dual-Luciferase Reporter Assay System (Promega). The following vectors were used: Math1-luciferase, consisting of a 1.4 kb J2X enhancer of Atoh1 that is sufficient for endogenous Atoh1 expression during development (Helms et al., 2000) , Ngn1-luciferase [a kind gift from John Kessler (Northwestern University, Chicago, IL) in ptkRLuc (Promega)], NICD-GFP, pcDNA3.1/His(B)-Ngn1 (a generous gift from Haeyoung Suh-Kim, Ajou University, Suwon, South Korea), and pTRACK-CMV-Math1. All data were normalized to the Renilla luciferase signal.
Immunohistochemistry. Cells were fixed for 10 min with 4% paraformaldehyde in PBS. Immunostaining was initiated by rehydrating and blocking the sections for 1 h with 0.1% Triton X-100 in PBS supplemented with 1% BSA and 5% goat serum (PBT1). Fixed and permeabilized cells were incubated overnight in PBT1 with polyclonal antibody to myosin VIIa (Affinity Bioreagents), monoclonal antibody to TuJ (Sigma), polyclonal antibody to p27Kip1 (Neomarkers), monoclonal antibody to annexin (Sigma), or monoclonal antibody to BrdU (Accurate Chemicals). Samples were washed three times for 20 min with PBS. Primary antibodies were detected with secondary antibodies conjugated with FITC, TRITC, or Cy-5 (Jackson ImmunoResearch). Secondary antibody alone was used for a negative control. The samples were counterstained with DAPI (Vector Laboratories) or TOTO3 (Invitrogen) for 10 min and viewed by epifluorescence microscopy (Axioskop 2 Mot Axiocam, Zeiss) or confocal microscopy (TCS, Leica).
Quantification and statistical analysis. Cell counting was performed with MetaMorph software. The cell number was determined from DAPI-or TOTO3-positive nuclei. Repeat cell counting gave a test variation of Ͻ1%. Data are reported as mean Ϯ SE, and Student's t test was used for statistical analysis.
Western blot. Cells were transfected with the NICD-GFP plasmid using FuGENE6 (Roche), following the manufacturer's protocol, and harvested after 48 h. After incubation for 15 min in RIPA buffer (Invitrogen) on ice, samples were centrifuged and the supernatant was collected. Twenty micrograms of protein was subjected to SDS-PAGE on NuPage 4 -12% gradient polyacrylamide gels (Invitrogen) and transferred to a nitrocellulose membrane for immunoblotting. Primary antibodies were rabbit anti-Ngn1 (1:300; Millipore Bioscience Research Reagents) and mouse anti-␤-actin monoclonal antibody (1:1000; Sigma); secondary antibodies were HRP-conjugated goat antirabbit and mouse (both at 1:10,000; Jackson ImmunoResearch Laboratories). Blots were developed with the ECL detection kit (GE Healthcare Bio-Sciences). Proteins in the blots were quantified using the Quantity One program (Bio-Rad).
Results

Inhibition of ␥-secretase resulted in increased differentiation of hair cells from inner ear stem cells
Under differentiating conditions in culture for 5-10 d, inner ear stem cells are converted from hair cell marker-negative into a variety of cell types that include sensory hair cells (Martinez-Monedero et al., 2008) . The hair cells have been shown in previous studies to have functional ion channels of embryonic day 15 utricular hair cells (Oshima et al., 2007) , and they express multiple markers of hair cells such as myosin VIIa, Math1, and parvalbumin 3 (Oshima et al., 2007; MartinezMonedero et al., 2008) . Neurons have also been shown to differentiate from the spheres and can be labeled for markers such as ␤-III tubulin, peripherin, calretinin, and glutamate receptors, as well as becoming physiologically active and responsive to glutamate (Martinez-Monedero et al., 2008) . Notch signaling exerts a powerful effect on maintenance of stem cell compartments, and we wanted to determine its role in proliferation or differentiation of inner ear stem cells. Differentiation of inner ear stem cells in the presence of a ␥-secretase inhibitor increased the percentage of hair cells compared with a control, as detected by immunostaining for myosin VIIa and Math1 (Fig. 1) . The percentage of hair cells in the presence of the inhibitor was 6.68 Ϯ 0.49% compared with 2.23 Ϯ 0.36% in its absence. Hair cells in inner ear spheres were formed at the expense of supporting cells Hair cells in spheres appear to form as a part of a sensory patch (Fekete and Wu, 2002; Barald and Kelley, 2004; Oshima et al., 2007) , and had adjacent supporting cells, providing a cell-cell relationship similar to that in vivo. Supporting cells have been identified in previous studies of cochlear spheres by their expression of markers, such as p27Kip1 and Musashi1 (Oshima et al., 2007) , and have also been shown to arise adjacent to newly generated hair cells in embryonic sensory epithelium by jagged1 expression (Woods et al., 2004) . We followed both hair cells and supporting cells in differentiating spheres to see whether Notch signaling influenced the ratio of the two cell types as it does in vivo. Treatment with the ␥-secretase inhibitor at the time of differentiation resulted in an increase in hair cell formation that was correlated with a decrease in the number of supporting cells in the sensory patch (Fig. 2a,b) , as measured by expression of p27Kip1 (Fig. 2a) . Additional labeling for Sox2 and jagged1 overlapped extensively with p27Kip1, confirming the identity of the supporting cells (data not shown). The decrease was significant, but the sum of hair cells and supporting cells was only slightly decreased ( Fig. 2c) as a result of a decrease in proliferation during the 5 d of differentiation (Fig. 2d) .
Treatment with the ␥-secretase inhibitor blocked differentiation of ␤-III tubulin-positive cells (Fig. 2b) . This suggested that neuronal differentiation that led to ␤-III tubulin-positive cells from the spheres required Notch signaling.
Inhibition of Notch signaling increased differentiation of hair cells by an effect on Math1
To assess the role of bHLH transcription factors in the cell fate decisions that appeared to be mediated by Notch, we assessed the expression of Math1 after treatment with the ␥-secretase inhibitor. The inner ear progenitor cells treated with a ␥-secretase inhibitor upregulated expression of Math1 (Fig. 3a) . To examine the mechanism of increased hair cell formation in inner ear neurospheres after ␥-secretase inhibition, expression of Math1 was silenced by transfection of spheres with siRNA to Math1. The increase in Math1 could be blocked by siRNA to Math1 by 80.5% (relative expression of 1.46 compared with 7.46) based on qRT-PCR. Silencing Math1 in neurospheres treated with L-685458 (Fig. 3b) inhibited conversion of inner ear neurospheres to myosin VIIa-positive cells by 75.9% (Fig. 3c) . Although the activity of ␥-secretase inhibitors is not limited to Notch, the increase in hair cell percentage and its dependence on Math1 expression is very likely an effect of the inhibitor on Notch.
Notch increased expansion and differentiation of neuronal progenitors
Inhibition of Notch signaling increased hair cell differentiation but resulted in a decreased number of cells expressing ␤-III tubulin (Fig. 2b) . To investigate the effect of Notch signaling on the inner ear stem cells, we overexpressed NICD fused to GFP by transient transfection. Transfection with NICD increased overall proliferation (35.2 Ϯ 0.9% of NICD-transfected cells were BrdU positive compared with 7.10 Ϯ 0.63% of total cells; Fig. 4a ), in accordance with the decreased proliferation after treatment with a ␥-secretase inhibitor (Fig. 2d) . This indicated that the Notch pathway played a role in increasing cell division of the inner ear stem cells. Analysis after 5 d in culture showed that 22.1 Ϯ 3.1% of NICD-positive cells expressed ␤-III tubulin, a marker previously associated with the neuronal lineage in inner ear sphere-derived neurons (Martinez-Monedero et al., 2008), and had a neuronal morphology (Fig. 4b) . None of the GFP-positive cells stained for myosin VIIa (Fig. 4c) , indicating that differentiation to hair cells was strongly inhibited in sphere cells transfected with NICD. It therefore seemed that continued Notch signaling blocked hair cell differentiation but did not prevent progenitor cells from entering a neuronal lineage.
To understand how signaling by Notch influenced the choice of inner ear stem cell fate, we sorted the NICD-GFPpositive inner ear stem cells by flow cytometry and assessed expression of several neural progenitor genes by qRT-PCR (Fig. 4d,e) . Sharply increased expression of Hes5 (Fig. 4e) confirmed that the cells were successfully transfected with NICD and that the NICD was active. An increase in a marker of both sensory and neuronal lineages, Sox2, indicated that this gene was downstream of Notch signaling in the inner ear progenitors. A concomitant increase was found in proneural transcription factor, Ngn1, suggesting a possible explanation for the increased expression of ␤-III tubulin in these cultures, since Ngn1 is a marker of neuronal progenitors in the inner ear and can also determine the fate of CNS neurons. There was no significant change in Math1 expression (Fig. 4e ) in the cells obtained by sorting.
To test whether NICD could directly increase Ngn1 expression, we used a cochlear cell line, HEI-OC1. A luciferase vector with a 1.5 kb regulatory region 5Ј of the coding sequence for Ngn1 (Kan et al., 2004 ) was transfected into these cells. This enhancer was shown to be sufficient for expression of Ngn1 in the relevant tissues (Murray et al., 2000) . Cotransfection of NICD increased expression of the reporter, whereas expression from the Math1 enhancer was not affected (Fig. 5a) . Examination of the 5Ј Ngn1 enhancer indicated the occurrence of an RBP-J binding site 0.6 kb upstream of the coding sequences (Fig. 5b) . The site was an exact match to the canonical RBP-J site ( Fig. 5b ; the RBP-J binding sequence is labeled a TP-1 site). This raised the possibility that overexpression of Notch raised expression of Ngn1 through binding of NICD to this site. To test whether the site was functional, we transfected NICD into cells containing a mutated RBPj binding site. The luciferase signal from the enhancer with mutated RBPj site (Fig. 5c ) was decreased significantly but not abolished, suggesting that direct binding of NICD did not account for the entire activation of the Ngn1 enhancer. We then assessed the effect of Sox2, a gene that was activated along with Ngn1 (Fig. 4f ) by NICD overexpression, by experiments in which we silenced Sox2 with RNAi. The increase in Ngn1 expression seen after transfection of NICD was almost completely abolished by the siRNA that prevented expression of Sox2 in combination with the mutation of the RBPj binding site (Fig. 5c ). To assess whether increased expression of Sox2 affected Ngn1 expression as expected from the silencing experiment, we overexpressed Sox2 in HEI-OC1 cells. The Ngn1-luciferase vector showed an increase in activation (Fig. 5d) . Thus, indirect activation of Ngn1 by Sox2 in combination with direct binding of NICD to the Ngn1 enhancer accounted for activation of Ngn1. Increased expression of Ngn1 in response to NICD in HEI-OC1 cells was also confirmed at the level of the protein by Western blotting (Fig. 5f ).
Effect of Ngn1 on neuronal differentiation from inner ear neurospheres
Silencing of Ngn1 inhibited the conversion of inner ear neurospheres to ␤-III tubulinpositive cells (Fig. 6a) . The percentage of inner ear sphere cells that stained for ␤-III tubulin was reduced from 6.2% to 2.2% by RNAi to Ngn1. Silencing of Math1 had a smaller effect that did not achieve significance (Fig. 6b) .
To determine whether the NICDinduced neuronal differentiation was mediated by Ngn1, we treated inner ear stem cells with the siRNA at the same time as the transfection of the cells with NICD (Fig. 6c) . The percentage of cells that differentiated to ␤-III tubulin-positive cells was sharply decreased by siRNA directed at Ngn1. The extent of inhibition was 70.2% with siRNA to Ngn1 (Fig. 6d) . The effect of siRNA to Math1 was not significant.
Discussion
We have shown in these studies that inner ear stem cell proliferation and differentiation are regulated by the Notch pathway. Math1 and Ngn1 had opposing effects on cell fate, leading, respectively, to sensory (hair cell and supporting cell) or neuronal pathways of differentiation, and, by its effect on proliferation of the stem cells, as well as on the expression of these transcription factors, Notch signaling played a critical role in the cell fate decisions of inner ear stem cells.
Inhibition of Notch signaling increased the percentage of progenitor cells that differentiated as hair cells. To determine the cause of the increased hair cell differentiation, we assessed the influence of Notch pathway inhibition on Math1. Math1 expression was increased by inhibition of Notch signaling in the inner ear progenitors, and blocking expression of this bHLH transcription factor prevented the ␥-secretase-stimulated differentiation, indicating that Math1 was necessary and sufficient to differentiate the progenitors to hair cells. Thus, by preventing expression of Math1, Notch signaling appeared to preserve the progenitor cells in an undifferentiated state. A key role of Math1 in determining whether these cells differentiate into hair cells is consistent with its known role in vivo and with the observation that Math1 Ϫ/Ϫ mice lack hair cells (Bermingham et al., 1999) in embryonic organ of Corti, in which supporting cells can be converted to hair cells by treatment with a ␥-secretase inhibitor (Yamamoto et al., 2006) . Supporting cells are precursors for hair cells in lower vertebrates, and this conversion can be increased by inhibition of Notch signaling (Stone and Cotanche, 2007; Daudet et al., 2009) .
By maintaining the stem cells in an undifferentiated state, NICD favored the selection of a neuronal lineage. An increase in cells in the neuronal lineage relative to sensory cells was apparent from the subsequent differentiation. Expansion of neural progenitors in the developing inner ear may also be controlled by Notch , and differentiation of progenitors to neurons is regulated by Ngn1 (Rubel and Fritzsch, 2002; Fritzsch et al., 2005; Matei et al., 2005; Raft et al., 2007) in opposition to sensory cell formation, which is controlled by Math1. Increased neuronal fate of inner ear stem cells could be attributed in part to Ngn1 expression in the cochlear spheres, which was found after NICD transfection and sorting. Increased activation of the Ngn1 enhancer and upregulation of Ngn1 protein was confirmed by analysis of Ngn1 after NICD overexpression in cochlear cells.
A binding site for RBP-J in the Ngn1 promoter/enhancer indicated that there might be a direct route for the activation of Ngn1 by Notch. The same regulatory region contained a binding site for Sox2, a transcription factor that is regulated by Notch, and Sox2 expression positively regulated Ngn1, whereas silencing of Sox2 negatively regulated Ngn1. Mutation of the RBP-J binding site did indeed inhibit the activation of luciferase from a reporter gene containing the Ngn1 enhancer. However, the effect was small and indicated that Sox2 was more important in the regulation of Ngn1 than NICD itself. The role of Sox2 in this increase was surprising. Sox2 is thought to maintain the pluripotency of neural progenitors in the CNS through inhibition of bHLH transcription factors (Bylund et al., 2003; Graham et al., 2003) . Neural differentiation can, however, be induced by upregulation of proneural transcription factors by Sox2 (Van Raay et al., 2005) , and that upregulation can include Ngn1 in the case of Sox1 (Kan et al., 2004) . Sox2 expression after neural differentiation is limited by negative feedback regulation by proneural factors once their expression is activated (Bylund et al., 2003; Graham et al., 2003) , and a mechanism in which each step in the pathway inhibits the preceding step and activates the subsequent step may insure the progress of neural differentiation (Agathocleous et al., 2009) . In addition to the NICD binding site, the Ngn1 enhancer contains N-boxes for binding of Hes1 and Hes5, which act downstream of Notch to inhibit bHLH transcription factors, and E-boxes for binding of other bHLH transcription factors, creating an opportunity for complex regulation in a particular developmental context. RBP-J can also positively regulate transcription independently of Notch by binding to the RBP-J site in a complex with Tbf1 (Henke et al., 2009) . Timing-and tissue-specific regulation of bHLH factors is well documented and is illustrated by this system in which Notch signaling strength seems to function in sensory and neuronal progenitor fate choice. Our finding may also explain the observation that Ngn1 was less sensitive than Mash1 to Notch downregulation in the neural crest (Lo et al., 2002) .
Notch signaling, in general, maintains progenitors in the nervous system in a nondifferentiated state but participates in specification of glial fate (Grandbarbe et al., 2003; Jadhav et al., 2006; Kageyama et al., 2008; Imayoshi et al., 2010) . The pattern of cell type specification from inner ear stem cells is similar to that in the developing sensory organ of Drosophila (Eddison et al., 2000; Cau and Blader, 2009 ). In the neural versus epidermal fate decision in sensory organ precursors, Notch selects an epidermal fate; in subsequent neural cell type specification, Notch helps to select a neural subtype. Notch increased proliferation of neuronal precursors, thus increasing their number, and may play a permissive role that allows neuronal differentiation from Notch-activated cells later in their life cycle; a role for Notch in cochlear stem cell proliferation was also demonstrated previously (Savary et al., 2008) . Notch signaling is required at both early and late stages of neural progenitor specification and differentiation in the Drosophila eye (Zhang et al., 2005; Wheeler et al., 2008) and in the embryonic development of retinal ganglion cells and horizontal cells (Yaron et al., 2006) . The initial specification of the prosensory domain in the inner ear requires both Notch and Sox2 (Kiernan et al., 2005b; Dabdoub et al., 2008) ; however, neural differentiation was favored in sensory epithelial cells after Sox2 overexpression (Puligilla et al., 2010) , and hair cell differentiation was decreased.
The stem cells in the inner ear have been shown to be capable of differentiation into most cell types of the mouse cochlea, including hair cells and supporting cells and the neurons that provide their innervation (Li et al., 2003a; Oshima et al., 2007; Martinez-Monedero et al., 2008) . Neural and sensory cell progenitors in the otic placode during embryonic development (Fekete and Wu, 2002; Barald and Kelley, 2004 ; Giraldez and Figure 5 . NICD increased Ngn1 expression by direct and indirect mechanisms. a, NICD had no effect on Math1 expression but increased expression of luciferase from the Ngn1 construct in HEI-OC1 cells. b, Map of the 1.5 kb regulatory region of the Ngn1 gene. Sequences are followed by matrix match scores for the indicated binding sites. c, Mutation of the TP-1 site decreased the activation of the Ngn1 enhancer by NICD. d, The Ngn1 enhancer was activated by overexpression of Sox2 based on luciferase assay. e, Western blot showed increased expression of Ngn1 after overexpression of NICD in HEI-OC1 cells. Error bar, SE. *p Ͻ 0.05, significant difference. Fritzsch, 2007) can produce neurons and hair cells after they are separated and cultured apart from the embryo (Adam et al., 1998) , and some reports have indicated that single progenitors can give rise to neurons and sensory epithelial cells in the inner ear (Satoh and Fekete, 2005) . Progenitors in the otic placode give rise to all cells in the inner ear except the glial cells in the spiral ganglion, which are thought to be derived from neural crest (Neves et al., 2007) . Both specification of the sensory domains within the otic placode and later differentiation of the hair cells and supporting cells of the sensory epithelium are dependent on Notch signaling (Lanford et al., 1999; Daudet and Lewis, 2005; Kiernan et al., 2005a) . Notch signaling, through its effects on bHLH transcription factors, thus helps to direct the fate of inner ear progenitors to the key cell types of the cochlea. 
